Mating systems play a central role in determining population genetic structure and the methods to be used to develop new cultivars and preserve the variability of a crop. A Brassica napus crop called nabicol is grown in northwestern Spain. Knowledge on its mating system is needed in order to manage the germplasm correctly and design breeding strategies. The aims of this work were to study the mating system of nabicol under field conditions and the relationship of different traits with the mating system. We analyzed 2 populations with microsatellites using a multilocus approach, finding that both had a mixed mating system with an outcrossing rate of 30%. This system would allow application of breeding methods for both autogamous and allogamous species in order to improve nabicol populations. Nabicol populations should be multiplied in isolation conditions in the same way as allogamous species in order to avoid contamination and preserve genetic integrity. The relationship of outcrossing rate, phenological, ecological, and morphological traits was studied, but the model explained only a small percentage of the variability. None of the traits studied could be used as indirect selection criteria for a type of mating system under the conditions of northwestern Spain. This is the first work that studies in depth the possible causes of the mixed mating system of B. napus, finding that, surprisingly, it is not related to the most obvious factors.
considered that it has a mixed mating system. Cross-pollination occurs at rates between 20% and 40% in rapeseed (Olsson, 1960 , Rakow and Woods, 1987 , Becker et al., 1992 , Damgaard and Loeschcke, 1994 and swede (Gowers, 1981) . In an initial approach to determine the mating system of a leafy B. napus crop called nabicol, Soengas et al. (2011) crossed pairs of plants in isolation cages aided by pollinators. Under these conditions, the outcrossing rate found was 30%. However, this level of outcrossing could be overestimated because of a higher number of pollinators in isolation cages compared with field conditions. Therefore, it would be necessary to check the level of outcrossing of nabicol under field conditions. Breeders of B. napus employ methods of autogamous and allogamous species in order to obtain improved cultivars of B. napus. Selfing is widely used in early generations, and standard methods like pedigree selection or single-seed descendant are applied (Becker et al. 1999 ). Also, F 1 hybrids, exploiting genetic divergence among oilseed rape cultivars are commonly produced and sold. Nabicol varieties are open-pollinated cultivars, which have not suffered any kind of genetic improvement, aside from the visual selection carried out by growers during generations. Before applying any breeding program, it would be interesting to have a deep knowledge on the mating system. The study of the causes of the mating system would allow identification of those traits related to outcrossing that could be employed as indirect selection criteria in order to increase the frequency of selfed or outcrossed plants. Therefore, 2 objectives were planned for this work: 1) to study the mating system of B. napus under field conditions and ii) to study the relationship of different traits with the mating system.
Materials and Methods

Experimental Design
Nabicol crop belongs to B. napus, and it is grown in northwestern Spain and the north of Portugal, being an important horticultural product during the winter season . Leaves of this crop are consumed in soups and stews during the winter season. A collection of local populations of nabicol is currently kept at the Gene Bank of Misión Biológica de Galicia (Pontevedra, Spain) (http:// www.mbg.csic.es/esp/index.php). Two populations (MBG-BRS0014 and MBG-BRS0039) were chosen for this study based on 2 criteria: their belonging to different clusters in a classification based on morphological and agronomical data (Rodriguez et al. 2005) and their level of polymorphism for Simple Sequence Repeats (SSRs). MBG-BRS0014 and MBG-BRS0039 were collected in 1985 in 2 locations in northwestern Spain: Pontevedra (42°24'N, 8°38'W, 50-m elevation) and Mos (42°12'N, 8°36'W, 100-m elevation), respectively. After collection, they were multiplied 3 different times in the experimental station placed at Misión Biológica de Galicia in order to restore the viability of the seeds.
Between 100 and 130 plants from each population were planted in separate plots in 2 different locations in northwestern Spain: Pontevedra (42°24'N, 8°38 'W, 50-m elevation) and Salceda de Caselas (42°08'N, 8°34'W, . Pontevedra is a coastal location and Salceda de Caselas is an inland location placed close to the border with Portugal. They were chosen because the nabicol crop is commonly grown and consumed in both locations.
The soil type is acid sandy loam. Populations were planted in multipot trays, and seedlings were transplanted into the field at the 5-to 6-leaf stage. Transplanting dates were 10 October in Pontevedra and 13 October in Salceda de Caselas, in 2006. Each experimental plot consisted of 15 rows with 10 plants per row. Rows were spaced 0.8 m apart, and plants within rows were 0.6 m apart. Cultural operations, fertilization, and weed control were conducted according to local practices.
Mating System Determination
Leaf samples were taken from individuals of each one of the populations in both environments at the seedling stage (4-5 leaves). DNA of each individual was extracted by following the method of Liu and Whittier (1994) with minor modifications. Amplifications of polymorphic SSRs were performed by using a PTC-100 TM Thermal Cycler (MJ Research, Watertown, MA). The amplification consisted in a denaturing step at 95 ºC for 5 min followed by 35 denaturing cycles at 95 ºC for 30 s, annealing at 56 ºC for 30 s, and elongation at 72 ºC for 30 s. The program ended with an extra elongation period of 10 min followed by a continuous cycle at 4 ºC. PCR reactions were carried out in a volume of 25 μl containing 50 ng of each primer, 0.6 unit of Taq polymerase (ECOGEN) 200 μM each dNTP, 1× reaction buffer, 2.0 mM MgCl 2 , 50 ng DNA template, and distilled and autoclaved water. After amplification, SSR products were separated by electrophoresis on 6% non-denaturing acrylamide gels run in 1× TBE buffer. Gels were stained with ethidium bromide, run approximately for 2 h at 250V, and then visualized under UV light.
Two SSRs were run for population MBG-BRS0014: Na12-G04 (Lowe et al., 2004) and FITO-035 (IniguezLuy et al., 2008) , whereas 4 SSRs, Na12-G04, Na12-A02, Na10-A08 (Lowe et al., 2004), and FITO-035 (Iniguez-Luy et al., 2008) , were run for population MBG-BRS0039. SSR Na10-A08 amplified 2 different loci: Na10-A08a and Na10-A08b. Therefore, 5 different loci were studied for population MBG-BRS0039. Allelic frequencies and observed and expected heterozigosity were computed for each population by using the software GenPop version 3.4 (Rousset, 2008) . For each SSR locus, the expected and observed number of heterozygotes was compared by using Fisher's Exact test (Guo and Thompson, 1992) .
Thirty maternal plants were randomly labeled by population and environment. These plants are the experimental unit of the work. A seed sample of each one was taken and considered as a "family" in the statistical analysis of outcrossing. DNA was extracted from 10 individuals per family by following the procedure explained above. Families were analyzed by means of those SSRs that were polymorphic in their corresponding parental populations.
Estimates of outcrossing rate were computed by using the iterative procedure of Ritland and Jain (1981) , which has several assumptions: 1) Mating events are due to either selfing or random outcrossing; 2) maternal individual sample pollen from an homogeneous pollen pool, 3) outcrossing rates are uniform over all maternal individuals within a population; and 4) there is no selection between fertilization and the time of assay. Maximum-likelihood estimates were obtained with the MLTR program version 3.4 (http://genetics.forestry.ubc.ca/ ritland/programs.html) by employing the Newton-Raphson method (Ritland, 2002) for the following: single locus outcrossing rates (t s ); multilocus outcrossing rates (t m ); the difference between t m and t s averaged across loci (estimation of biparental inbreeding); the correlation of outcrossing rate (r t ) among loci; and the extent that siblings share the same father or correlation of paternity (r p ). Standard errors were calculated by bootstraps (1000) using the families as their sampling unit. The number of pollen donors contributing to each family or neighborhood size was estimated as 1/r p (Ritland, 1989) . The relative fitness of selfed progeny (w) and its variance were estimated by following Ritland (1990) . At inbreeding equilibrium and if genotypic frequencies are determined by mating system only, w can be estimated as 2[(1−s)F/s(1−F)], where s = 1−t m , and F is the inbreeding coefficient of mature plants or Wright fixation index. F and its standard error were obtained using GDA 1.1 software (Lewis and Zaykin, 2002) by bootstrapping 1000 times over loci.
Estimates of outcrossing rates at a family level were also computed for each one of the families with the NewtonRaphson method.
Student's t-test was employed for comparing estimates to zero and at a level of significance P ≤ 0.05
Evaluation of Traits Related to Mating System
Twenty-two traits related to phenology, ecology, morphology, and seed production were recorded in the same 30 maternal plants labeled and analyzed for SSRs (Table 1) . Three observers recorded the number of honeybees and bumblebees that touched 1 flower of the plant at least once. The number of flowers in a plant touched by the same honeybee or bumblebee was also recorded, and an average by plant was computed. All recordings in a plot were done in the same day for a period of 5 min, between 11 h and 14 h. The day was sunny, and all the plants in the plot had flowers, thus assuring the highest pollination activity in the field.
Flower-related parameters, such as flower length and width, ovary and pistil length, and long stamen and anther length (Figure 1 ), were measured in the laboratory by using image analysis software (Software NIS-Elements, Basic Research v.2.34, Nikon Instruments Inc., Melville, NY).
Two different approaches were carried out in order to relate variability for t m among families of both populations evaluated in 2 environments with variability of recorded traits. First, it was considered that the 19 traits related to phenology, ecology, and morphology (Table 1 ) could cause differences in t m among families. In order to study this relationship, and taking into account that several traits are Number of fertile siliques × number of seeds per silique related to each other, a multiple regression analysis was constructed, where the 19 traits represent independent variables and t m is the dependent variable. This was carried out using the PROC GLMSELECT of SAS version 9.2 (SAS Institute Inc, 2008). The advantage of using this procedure is that it allows introduction of classificatory variables into the model by using the CLASS statement. In this case, the classificatory variables were the locations (Pontevedra and Salceda de Caselas), populations (MBG-BRS0014 and MBG-BRS0039), and families within populations. A stepwise procedure was employed to select the independent variables that influenced t m significantly. Variables were allowed to stay in the model after testing them in a cross validation by employing the RANDOM statement. Partial coefficients of regression of those variables, which stayed in the model and adjusted R 2 of the whole model, were computed. Secondly, the relationship among t m and seed production was studied in order to test the hypothesis that plants showing high t m would also produce a high amount of seed. Simple correlation coefficients between t m and the 3 seed production traits (Table 1) were computed with PROC CORR of SAS version 9.2 (SAS Institute Inc, 2008).
Results and Discussion
Mating System Determination All the loci studied showed 2 alleles per locus on each population and environment (Table 2 ). All loci were not in equilibrium Hardy-Weinberg, except locus Na12-G04 in population MBG-BRS0039 (Table 2 ). The lack of equilibrium was due to a homozygote deficiency, which is probably due to the high rate of self-pollination of the populations studied. Biparental inbreeding or mating between relatives also causes apparent selfing or increased homozigosity, relative to random mating. Biparental inbreeding (t m −t s ) was not significantly different from 0 for population MBG-BRS0039 in Salceda de Caselas and MBG-BRS0014 in both environments (Table 3) , thus indicating that in these cases, selfing is the most important form of inbreeding. The crop was not completely autogamus because t m of both populations was close to 30% (Table 3) in both environments, and these estimates were significantly different from 0. Similar levels of outcrossing rates in field experiments were found for oilseed rape (Olsson, 1960 , Rakow and Woods, 1987 , Becker et al., 1992 , Cuthbert and McVetty, 2001 , Damgaard and Loeschcke, 1994 and swede (Gowers, 1981) , confirming that nabicol, like other B. napus crops shows a mixed mating system under field conditions. The level of outcrossing found in this work under field conditions is similar to the one found for population MBG-BRS0039 in isolation cages under controlled pollination conditions (Soengas et al., 2011) . In the experiment carried out by Soengas et al. (2011) , pairs of plants were placed in isolation cages and crossed, aided by an excess of pollinators (Bombus sp.), thus partially avoiding the preference of the same.
Estimates of t m were higher in Pontevedra than in Salceda de Caselas (Table 3) , although differences were not significant. Trials were planted in 2 locations where the nabicol crop is commonly grown. This crop is cultivated in a small area in northwestern Spain, close to the Portuguese border, and in the north of Portugal. Environmental conditions in this area are quite uniform, with rainy weather and smooth temperatures all year long. Therefore, estimates of t m were not influenced by the environment. However, high variability for t m across environments has been already noted in rapeseed (Becker et al., 1992) and other crops such as faba bean (Suso et al., 2001) , sorghum (Dje et al., 2004) , or barley (Abdel-Ghani et al., 2004) . r t were high and significantly different from 0 for both populations evaluated in the 2 environments, indicating that t s estimates were similar, independently of the locus employed. The correlation of outcrossed paternity (r p ) was significantly different from 0 (Table 3) for MBG-BRS0039 in both locations. The number of pollen donors (1/r p ) contributing to each family was 3.690 in Pontevedra and 4.31 in Salceda de Caselas, meaning that on average, approximately 4 males crossed to each one of the 30 females. On average, 9.5% and 6% of the offspring of this population were full-sibs (t m r p ), whereas 25.4% and 20% were half-sibs (t m (1−r p )) in Pontevedra and Salceda de Caselas, respectively. The rest of the offspring were produced by selfing the maternal plant, thus confirming the coexistence of both mechanisms of mating: selfing and outcrossing.
After analyzing the mating system of 55 species, Schemske and Lande (1985) found a bimodal distribution, where most especies were either selfed or outcrossed and 31% of the species showed a mixed mating system. A more recent analysis (Goodwillie et al., 2005) carried out with 345 species belonging to 78 families showed that 42% of them had a mixed mating system. The distribution of outcrossing differs significantly between biotically and abiotically pollinated species (Aide, 1986 , Barrett and Eckert, 1990 , Goodwillie et al., 2005 with animal-pollinated taxa, like B. napus, exhibiting almost twice a mixed mating system compared with wind-pollinated taxa.
Evolutionary biologists have been interested in mixed strategies for a long time, in which a species uses more than 1 tactic, each one with distinct fitness consequences. For example, organisms exhibit mixed strategies for defense against enemies, timing of reproduction, dormance, dispersal of the offspring or mating system. However, the evolutionary processes that maintain mixed strategies have remained controversial (Goodwillie et al., 2005) , as it is unknown whether mixed mating systems are a transitory state between selfing and outcrossing or whether they are evolutionary stable. Certain forms of mixed mating could evolve because they promote outcrossing, but still provide reproductive assurance when pollinators or mates are scarce, thus combining the advantages of both reproductive strategies.
Most plant mating system theories include inbreeding depression, which is the key factor that opposes the advantages of selfing. The evolution of the selfing rate depends on the cost of outcrossing and the extent of inbreeding depression, which is the relative decrease in fitness of selfed relative to outcrossed progeny. Relative fitness of selfed progeny (w) was estimated for nabicol populations (Table 3 ). All the estimates of w had large standard errors. Although selfing rates were estimated quite accurately, the large variance of F is largely responsible for the large variance of w, so results should be taken cautiously. Estimate of w was significantly different, lower to 1 only for population MBG-BRS0039 in Salceda de Caselas (Table 3 ), meaning that for population MBG-BRS0039 in Pontevedra and for population MBG-BRS0014 in both environments, selfed and outcrossed progenies have equal fitness.These results indicate that inbreeding depression per se does not explain the maintenance of the mixed mating system.
Evaluation of Traits Related to Mating System
Outcrossing varied extensively among families in both populations evaluated in the 2 environments (Figure 2) . Between 9% and 14% of the families depending on the population, showed t m values between 0% and 20%, being the progeny almost completely selfed; some part of the families (between 6% and 19%) comprised a mixture of selfed and outcrossed progeny (t m between 20% and 80%); and between 2% and 10% of the families were almost completely outcrossed (t m between 80% and 100%). As was already reported, variability in outcrossing rates among families may reflect differences in pollinator behavior and the relative number of pollinators, flower density, flower morphology and display, or spatial positioning of flowers (Karasawa et al., 2007) . In order to study the possible causes of these differences, variability for outcrossing rate (t m ) at a family level was related to variability for phenological, morphological, and ecological traits.
The number of insects visiting flowers and the number of visits averaged by insect varied considerably within populations, showing high variability coefficients (Table 4 ). There was not much variability for traits related to phenology within populations as checked by variability coefficients (Table 4) . Populations grown in Pontevedra tend to be earlier in flowering than the same populations grown in Salceda de Caselas, although these differences were not always significant.
Traits related to flower number, such as the number of secondary stems and flower density, were variable within populations (Table 4) . For both traits, variability coefficients were, in most cases, around 30%. Traits related to flower morphology showed low levels of variation. Flower length remained quite constant within and across populations and environments. Remaining flower attributes tend to be more variable (Table 4 ). The high variability in flower density compared with flower length may have an adaptive explanation. After Creswell et al. (2001) , fitness can be more sensitive to reduction in flower size than to flower number, and it may be low for individuals with small flowers because they receive few pollinator visits.
A multiple regression analysis was carried out with 19 phenological, ecological, and morphological traits as independent variables and t m , computed at a family level, as a dependent variable. Independent variables that significantly influenced t m were the following: number of bumblebees, days to flowering, flower length, flower width, and herkogamy. The contribution of remaining traits was not significant, so they were not included in the model. The adjusted R 2 of the model was 0.07, meaning that 7% of the variability for t m was explained by the traits cited above. The model proposed explains a small percentage of the variability in spite of choosing a wide range of traits. In a similar work, Suso et al. (2005) found that floral traits could explain between 40% and 80% of variation for outcrossing rate in Vicia faba. Brumet and Sweet (2006) found that pollinator abundance and floral display size explained 87% of the variation in outcrossing rate in Aquilegia coerulea.
Partial regression coefficients were negative for days to flowering (−0.017) and positive for number of bumblebees (0.273), flower length (0.039), flower width (0.055), and herkogamy (0.533). Based on the sign of partial regression coefficients, we can suggest that early populations have more chances to be pollinated, probably due to the coincidence in time of the maximum number of opened flowers and the presence of pollinators in the field. Besides, plants that receive more bumblebees have more chances to be outcrossed. The positive sign of partial regression coefficients of flower length and width is also related to the attraction of pollinators. In animal-pollinated species, large floral displays may increase pollinator visitation and thus pollen receipt and donation (Suso et al., 2005) . However, this relationship is not always positive. Increased attractiveness of large floral displays is often associated with an increased frequency of intra-plant pollinator movements during each visit. Sequential movement among flowers on the same plant increases the potential for geitonogamy, the transfer of self-pollen between flowers on an individual plant (Williams, 2007) . That could explain why there is no significant relationship between outcrossing and the number of visits of bumblebees by plant. Herkogamy was also related to variability for outcrossing. Reduced distance between the long stamens and the stigma may increase the chance for autogamous selfing. This relationship was also found in Mimulus ringens (Karron et al., 1997) .
Correlation coefficients computed between t m and fertile siliques, seeds per silique and seed yield were 0.077, −0.18 and −0.039, respectively. These values are very low and not significant, which means that outcrossed progenies have no selective advantage compared with selfed progenies, thus confirming that there is no inbreeding depression or it is insignificant.
After studying the mating system of the B. napus crop under field conditions, we can confirm that it has a mixed mating system. These results should be confirmed in a more diverse environment and for more years because outcrossing can be highly influenced by climatic conditions. Results have several implications in breeding and germplasm management. No inbreeding depression was detected; therefore, intrapopulation breeding methods for autogamous species could be applied to nabicol populations. Interpopulation breeding methods for allogamous species can also be applied by crossing nabicol populations to genetically divergent germplasm, for example, oilseed rape types. Management of nabicol populations should take into account their variable level of outcrossing. They should be multiplied in isolation conditions in the same way as allogamous populations in order to avoid contamination and preserve their genetic integrity.
Several possible causes of the mixed mating system were studied. On the contrary of what has been observed with other crops, phenological, ecological, and morphological factors explain a small percentage of the variability for outcrossing. None of the traits studied could be used as indirect selection criteria for a type of mating system under the conditions of northwestern Spain. This is the first work to study in depth the possible causes of the mixed mating system of B. napus, finding that, surprisingly, it is not related to the most obvious factors involved in this class of mating system. 
Table 4
Means and variation coefficients for phenological, ecological, morphological, and seed production traits for 2 
Brassica napus
